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ABSTRACT

A computer program is being developed for application to rapid
routine qualitative and quantitative analysis of complex gamma-ray
spectra resulting from thermal neutron activation of samples of
material having unknown composition, but a limited number of possible
constituents (20 or 30 isotopes). Component identification is based
on peak energy only, and stripping is accomplished using an isotopic
spectral library on magnetic tape.

Various sections of the program have been largely completed, and

results obtained in initial tests indicate satisfactory performance.



INTRODUCTION

When a sample of material is placed in a thermal neutron flux,
most of the isotopes present will undergo nuclear reactions producing
new species. Most commonly the reaction is of the radiative capture
(n,y) type, and in many cases the product nuclides are radioactive.
These radionuclides will usually decay by beta emission with accompany-
ing production of de-excitation gammas. Since each radionuclide will
emit gammas at characteristic energies and with characteristic half-
life, it 1is possible, by studving the gamma-ray spectrum of the mate-
rial after neutron irradiation, to determine the identity and amount
of each radionuclide produced during the irradiation. Since each
radionuclide is formed from a particular natural isotope of an element,
it should also be possible on the basis of known information to ascer-
tain the elemental composition of the original sample.

This technique, thermal neutron activation analysis, is practical,
and due to the extreme sensitivity with which radionuclides can be
measured, is one of the most powerful and sensitive of all methods of
elemental analysis. About 70 elements can be detected by this means in
amounts as small as 10“6 to 10-_12 grams, depending on the nuclear pro-
perties of the particular element of interest. In many cases this
sensitivity far surpasses that attainable by any other means of analysis.

Unfortunately, this method of analysis is not without some
disadvantages. Perhaps the most troublesome from a programming view-
point, is the extremely complex nature of the data obtained from the

1



gamma scintillation spectrometer. Ideally, a spectrometer should
present a monochromatic source of photons as a single line at the
energy in question (Fig. la), a result which is closely approximated,
for example, in optical spectrometry. However, due to the different
modes by which a gamma photon may interact with matter and, in parti-
cular the scintillation crystal (photoelectric absorption, Compton
scattering, pair production, etc.), the spectrum representing a mono-
energetic gamma source of energy, E has an appearance such as shown in
Fig. 1b, although the shape will vary considerably for different values
of E (the detailed theory of gamma-ray spectrum formation may be found
in the literature).lo’ll

Since each radionuclide may emit gammas at several different
energies, a composite spectrum due to several specles may be quite
complex. However, because of the great power and usefulness of neutron
activation analysis, a great deal of effort has been brought to bear on
the problem of processing such spectra to obtain the identities and

amounts of the elements in the sample being analyzed with the greatest

possible accuracy and reliability.

The Problem

The scintillation spectrometer records the number of pulses in
each of a large number of channels which sort the pulses according to
size (gamma energy) into M channels where the ith channel corresponds
to the energy range Ei to Ei + AE = Ei+l' Usually E1 = 0, and there-
fore EM+l equals the total energy range covered by the spectrum. The

spectrum is a discrete function, F(i), where F(i) is the total count

in the ith channel.
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4.

The spectrum is assumed to be a summation of simpler spectra,
each corresponding to a component radionuclide in the sample. The
problem is to determiﬂe the identities and magnitudes of the component
spectra present in the composite. 1In general, the qualitative analysis
is made by measuring the peak energies and observed half-lives of the
peaks. Once the 1dentities of the constituents are known, standard
spectra of pure known amounts of the corresponding isotopes are obtained
and used to make the quantitative analysis by various comparison methods.

If fj(i) is the standard spectrum of the jth isotope, then the
composite spectrum is assumed to be a linear combination of the N stan-
dard spectra, 1i.e.,

F(1) = a.f, (1) 1=1,2,...,M (1)

L 33

e~

where the aj are the weighting constants relating the magnitudes of the
standard spectra to the magnitudes of the corresponding component

spectra in the composite, and hence to the quantitative composition of
the sample. Since all variables related to the N standard spectra are

known, once the constants aj are determined, the spectral analysis is

essentially complete.

Methods of Solution

The manual methods of processing gamma ray spectra do not attack
the analytical problem directly due to the huge amount of calculation
involved, but instead usually employ various graphical techniques7’10

where the constants a, are determined by making some type of area

3



measurement under corresponding peaks in the composite and standard
isotopic spectra.

Unfortunately, in cases of practical interest these manual
methods are usually extremely tedious and time consuming. Furthermore,
even for simple cases there may be considerable error (2 to 5%), and for
more complex spectra with, for example, 10 components these methods may
break down completely due to complications such as overlapping or compos-
ite peaks, background, etc.

One obvious solution to the problem is the development of computer
programs which will perform all or at least part of the analysis, and
indeed this has been one of the primary areas of development in the field
of activation analysis.

There are, of course, programs which use about the same techniques
as are used for manual analyses but with some refinements made possible
by the speed of the computer.5 More commonly, however, the computer has
been used to obtain a direct solution to the purely analytical program of
spectrum unscrambling.

Notice that equation 1 is a set of M equations in the N unknowns,
aj, and further that M, the number of channels, 1s in general much
greater than N, the number of component spectra present in the composite.
This gives M - N degrees of freedom in the solution of the problem. Of
course, it is easy to reduce the number of equations to N merely by add-
ing some equations together and/or leaving some out, thereby making
possible a unique solution by purely algebraic means. This is the basis
of the method developed by Antila.l Even though this approach may seem

undesirable because of the inherent destruction of information, it does

offer certain advantages in some cases, as will be discussed later.
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To obtain a solution to the full set of M equations (eqn. 1) 1in
N unknowns, the method of least squares may be used. Define a residual

spectrum:

N

R(1) = F(1) - ) ajfju), (2)
i=1

then

2 T N 2
R(1)]% = Lm) - ajfj(i)J :
1=1

Now sum over all the channels,

N

Mot 2
7| F@) = ] asf (1) (3)
=1 i J .

M 2
)R] =
1=1 =1

i

Now, for the solution set, a,, let this sum of the squares of the resid-

3

uals be a minimum. Then, minimizing equation 3 with respect to ay is

equivalent to:

) [ o,
= F(i) - ) a,f (4 :
3y 141 =1 39

i
o

(4)

Equation 4, after some manipulation, leads to a set of N equations in

the N unknowns, a,, which is based upon all information available. This

b/
treatment is probably the best yet developed and has been extensively
studied in the literature.z’3

For historic reasons the process of quantitative spectral analysis

and subtraction of components to form a residual spectrum (such as defined
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by equation 2) is known as stripping. The formation of a residual spec-
trum constitutes a useful check on the accuracy of the quantitative
analysis, since in the ideal case it should be uniformly zero.

Up to this point, it has been assumed that the standard spectra,
f.(i) are complete isotopic spectra. A different approach, however, has

]
been developed by Heath and others.4’6’8’9

The assumption is made that
each isotopic spectrum (and hence the composite) 1s due to a collection
of monoenergetic gamma components of various intensities and half-lives.
Each standard spectrum, fj(i), is then a monoenergetic response function
(resembling fig. 1b) which may either be generated by the program or be
stored in a response library of some sort. A series of spectra are
analyzed in terms of these monoenergetic spectra, thus obtaining a half-
life for each component. The components are then grouped according to

half-life and the members of each group summed in the proper proportions

to obtain the isotopic spectra.

Objectives of the Present Work

At present most programs for routine spectroanalysis fall into
two general categories. The more common type is designed to provide an
accurate determination of the amounts of one or more elements known to
be in the specimen by directly stripping the isotopic spectra of the con-
stituents from the composite.

The second and more complex type is employed in the identifica-
tion and quantitative analysis of samples of completely unknown composi-~

tion. Since direct stripping of isotopic components would require a
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large comprehensive library of standard isotopic spectra, the monoener-
getic component treatment is usually applied.

The program now under development, which this report describes,
deals with a particular type of analysis which seems to have been
relatively neglected; namely, the analysis of samples whose composition
is unknown but for which the number of possible constituents is limited
(20 or 30 detectable isotopes). In such a case the need for a large
comprehensive spectral library 1s avoided.

The identification of component isotopes is made on the basis of
peak energies only. The isotopic spectra are then stripped using an
isotopic spectral library. Half-~life determinations are used to correct
and refine the analysis.

The advantages of the method a%e its relative simplicity and
directness and the fact that it permits a quick analysis of a single
composite spectrum rather than requiring a long series of spectra for
any results at all.

Also, an attempt has been made to make the analysis completely
automatic in that no manual data manipulations or human decisions are

involved in the analysis, thus making the results completely objective.



METHOD OF ANALYSIS

Experimental

In this research at the present time the spectrometer system
used consists of a standard 2" x 2" Nal (Tl) well crystal coupled to a
1024 channel pulse height analyzer equipped with both printed tape and
standard 8 channel perforated paper tape output. The perforated paper
tape is converted directly to punched cards on a tape-card converter.

The computer facility used at this time consists of an IBM
7072-1401 system with a usable core storage of about 8000 words.

The samples are irradiated in a 100 kw TRIGA type reactor.

The specific problem being attacked in this research 1is the
routine trace element analvsis of particulate air pollution. The
samples fulfill the requirement of having an unknown but limited com-
position, and because of the large number of samples to be analyzed, a

completely automated method is highly desirable.

The Program

The complete analysis consists of a series of problems for
which solutions are under development at this time. Some of the solu-
tions are almost complete, while others are still in the early experi-
mental stages. What follows is a general description of the program

detailing these problems and methods of solution along with comparisons
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of the methods with those already developed or under development by
others. More detailed information on the mechanics of the program

(flowcharts, listings, etc.) may be found in Appendix A.

Preliminary Processing

Before the analysis proper can begin, the raw gamma spectrum
must undergo preliminary processing in preparation for component
identification and stripping. The three main steps are:

1. data smoothing

2. peak location

3. energy scale calibration

The count in each channel of the spectrum is subject to statis-
tical error which introduces a random variation of the spectrum from a
smooth curve. This random variation or "noise'" is not too serious 1if
the energy per channel ratio is coarse (i.e., if the spectrum contains
relatively few channels). In this research, however, a spectrum covering
a range of about 2.5 MeV may be divided into as many as 1024 channels,
giving an energy of about 2.5 KeV/channel. Even for ratios of the order
of 15 KeV/channel, noise may be a rather serious problem when locating
peaks and stripping.

It would be highly desirable, therefore, to enhance the spectrum
to noilse ratio by some analytical means while avoiding a loss of signifi-
cant information.

One method commonly used for treatment of continuous numerical
data is the technique of convolution. This method changes the value of
each data point by considering a region of m data points on each side

according to the equation
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(5)

Note that this equation considers a group of 2mt+l data points
centered on the jth data point and, using a set of 2mtl convoluting

integers, C, and a normalizing factor N, yields a new value, Y?, for the

i

t

3 h data point, Y The value, Y*, is placed in a new data table. The

b |
entire spectrum is processed by letting j run through the channel num-
bers in the original data table.

This concept may be made more clear by noticing that if all the
Ci's are equal to 1 and 1f N = 2m+l, the convolution simply represents
a moving average of the ordinate values of the data points. The integers,
Ci’ are then simply a weighting function applied to the points on each
side of a data point in determining its new value. Although many differ-

ent sets of integer functions, C,, have been tried, most result in some

i
loss of information.

Perhaps the best possible results would be obtained by applving
a least squares fit of a polynomial to the 2m+l data points in order to
determine a new value for the central point. This would seemingly entail
a much more complicated procedure of setting up and solving a set of
2mt+l equations for each data point.

Fortunately, however, by making two simple assumptions (continu-
ity of the spectrum and equal spacing of data points along the abscissa),
this least squares polynomial fit can be shownlA to be exactly repre-

sented by a set of convoluting integers, Ci’ and a normalization factor,

N.
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The polynomial to be fitted may be parabolic, cubic, etc., and
the value of 2m+l (number of points in the fit) may be any odd integer
above a minimum. A particular set of integers, Ci’ and N is associated
with each choice of a polynomial degree and a value of 2m+l (tables of
Ci and N may be found in ref. 14).

The question of the combination of polynomial degree and number
of points per fit best suited for gamma scintillation spectra has been
investigated by H. P. Yule15 and also to some extent in this research.
In general it has been found that a quadratic-cubic fit (the Ci's and
N, are the same in both cases) with 2m+l no greater than the width of a
significant peak at half maximum gives the best results.

Once the spectrum has been processed to remove as much noise as
possible, the program searches it for peaks. There may be many meaning-
less bumps and wiggles in the spectrum caused by the Compton effect, low
frequency noise, etc. These must be discarded and only meaningful peaks
which can pass statistical tests of validity should be recorded for
analysis. Furthermore, the center of the peak must be located as exactly
as possible in order to determine its energy.

The first step in this procedure is the generation of the first
derivative of the spectrum. At present, tc find the derivative at the
jth point, a linear least squares fit is made to the jth point and the
point on each side (3 points). The derivative is then just the slope of
the line. Although this method is somewhat crude, it works surprisingly
well,

This will soon be replaced, however, by a quadratic least squares

fit on a reglon of perhaps seven points to obtain the derivative at the
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central point in the region. It turns out14 that this also may be
exactly represented by a data convolution using a particular set of
integers, Ci’ and N. The convolution is performed directly on the
unsmoothed data since the smoothing is accomplished by the fitting of
the quadratic. This more sophisticated technique 1is expected to increase
accuracy considerably.

After the derivative is obtalned, the program scans it looking
for changes of sign. A change from positive to negative may indicate a
peak while the opposite change a valley. Of course, due to low frequency
noise, etc., there may be many sign changes which mean nothing at all.
Therefore, statistical tests are applied to ascertain the validity of
the peak indication. Several types of tests have bheen proposed.lB’lS

The tests made by this program are based on two input parameters,
p and h., To be admitted as a valid sign change, the derivative must have
at least p successive channels with the same sign after a sign change.

If the change is from positive to negative (a peak), the top of the peak
must be at least h counts higher than the previous valley to qualify as
a valid peak.

During the scan of the first derivative, the program first
searches for a peak. Once a valid peak is found, a valid minimum is
searched for, and so on until the last channel is reached. The values
of p and h determine the minimum size of peak which is considered valid.

The sign change of the derivative provides a rough indication
of the location of the center of the peak, but to obtain a more exact
value, a linear fit is made to a region of the derivative centered on

the apparent sign change and of width 2g, where g is an input parameter.
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The intersect of the lienar fit with the abscissa is then interpreted
to be the location of the center of the peak. Notice, however, that
the center location of the peak does not have to be determined with
great accuracy since on a steeply sloping background a peak center may
shift as much as several channels. Accuracy within, for example, one-
half channel would be ample.

Along with the channel number at peak center, it is useful to
have some measure of the net height of each peak above background.
Although this can be done in a variety of ways, the present method
measures the absolute height of the peak (in counts) above the previous
minimum.

In order to determine the energy of an unknown peak in a complex
spectrum, it is necessary to know the energy-channel number ratio to a
good degree of accuracy.

The usual method is to take spectra of known gamma standards
(0060, Csl37, etc.) before and after the unknown spectrum is formed.
Then a manual plot is made of energy with channel number. The locations
of the peaks (channel number) in the known spectra along with their
energies are plotted as points on the graph, and a line through the
origin is fitted to the points. This graph is then used to determine
the energies of peaks in the unknown spectrum.

Both to facilitate data handling and to increase accuracy, this
procedure has been incorporated as part of the program.

Several standard spectra taken just before or after the unknown
spectrum are placed into the program input. Along with each standard

spectrum a list of the energies of the known peaks and their approximate
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locations (channel number with largest count) 1s included. The program
then locates all peaks in each standard spectrum by the method previously
described and proceeds to search through these detected peaks to find the
ones corresponding to the standard peaks read in. A series of pairs of
the form (Xi’ Ei) is thén formed where Xy and Ei are the location (channel
number) and energy (MeV) of the ith standard peak. The points are fitted
by least squares to an equation of the form E = kx where it is assumed
that the Ei's are exact and the xi's contain random errors. Having thus
found a value of k it is easy to determine the energies of the peaks in

the unknown spectrum by the use of the above relationship. This, then

completes the preliminary processing.

Qualitative Analysis

The next major phase is the identification of components, i.e.,
the qualitative analysis. The program has available to it an 1isotopic
spectral library on magnetic tape containing in addition to the spectra,
other information associated with each isotope (see Appendix B for
library format). Part of this information is a list of standard ener-
gies and relative heights of the peaks which characterize each isotopic
spectrum.

On the basis of the peaks found in the unknown composite spectrum
and the peak information in the spectral library, the program must decide
which of the isotopes in the library are present in the composite. 1In
principle, of course, the program just sorts through the peaks found in
the complex spectrum to see whether the peaks corresponding to a particu-

lar isotope are present. There is a possibility, however, that a small
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peak may be buried beneath a larger peak at a slightly different energy
and remain undetected. The test for the existance of a particular peak
in the composite involves, therefore, the examination of a relatively
broad region taking into account other peaks present in the region and
the relative sizes of these peaks and the one being searched for. The
procedure yields a probability factor for the existance of the peak.
These probability factors are used to make a decision regarding the
presence or absence of a particular isotope.

An element in the sample will in some cases be composed of more
than one isotope capable of being activated to a significant extent and
so will form several radionuclides upon irradiation. In such a case an
"indicator" radionuclide will be chosen from among those formed by the
particular element. Ideally, the indicator radionuclide is characterized
by peaks whose energies are easily differentiable from energies associ-
ated with those due to other possible elements. Also the indicator
should be among the most easily detectable of the nuclides formed by the
particular element. The presence or abgence of all the isotopic spectra
due to the element 1is then decided by the presence or absence of the
spectrum due to the indicator nuclide.

The standard spectrum due to the activation of a particular iso-
tope of an element along with all associated information constitutes one
library entry. The isotopic entries corresponding to an element are
grouped together, the entry of the indicator isotope being first. The
program checks for the presence of the indicator spectrum of each element
series of entries (which as a speclal case may contain only one entry if

the element has only one activatible isotope). If the indicator spectrum
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is absent from the composite spectrum, the search skips to the indicator
entry of the next elemental series. If, however, the indicator 1s present
the entire elemental series of isotopic spectra 1s read from the library
tape.

After a standard isotopic spectrum is read from the library, it
is expanded or contracted along the abscissa so that its energy scale is
equal to that of the composite. At the same time the ordinate values of
the standard spectrum are adjusted so that the total number of counts in
the spectrum remains the same. The spectrum is then smoothed and stored
along with its associated information on an intermediate tape in prepara-
tion for stripping.

The program scans the library testing for the presence of each
indicator spectrum until the end of the library is reached. At that point
the isotopic entries corresponding to all the components detected in the
complex spectrum are stored on the intermediate tape and the program is

ready to determine the actual amount of each one present in the composite.

Quantitative Analysis

Recall equation 1:

N
F(1) = ) a,f, (1) 1=1,2,3,...,M (1)
=1 373

where, as before, fj(i) is the jth standard isotopic spectrum, F(i) is

the composite spectrum and a, are the weighting factors of each component

3
spectrum in the composite. Note that there are N component spectra and

M channels in each spectrum. As was mentioned the number of equations

can be reduced to N to permit a unique algebraic solution. For reasons
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to be discussed this 1s presently the method of quantitative analysis

used in

this program.

Let the abscissa of the spectrum be divided into N intervals

[1,,1,), [1,,15],

y [ik’ik+1]’ e e, [iN,iN_l]. Summing equation

1 over the kth interval yields

that is,

or

Tk =

Lis1 L N
) F(1) = ) ) AMCH (6)
1=1, 1=1, =1

Define a matrix as follows:

o tounts in kth interval of;ith standard spectrum

8y

gkj

Since the a,'s

3

k+1

i=1

th
total counts in j standard spectrum

i

k+1

) £,(1)

i=ik .

v @)
) £, (1)

i=1 :
are constants with respect to i,
i1§+1

a, f, (1)

e 33
i—ik

1

a, f. (1)
M

ajfj(i) = 8y kzl ajfj(i) . (8)
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Then reversing the order of summation in equation 6 and substituting

equation 8, yilelds:

) |
T, = g a f (1) , (9)
kg Mg 3
Letting
M
= f (4 . 10
Hj izl ay j( ) (10)
equation 9 becomes
!
T = g H . (ll)
k j=1 ki ]

Notice that with the information given (the composite spectrum
and the N standard isotopic spectra) Tk and gkj defined by equation 6
and 7 are known quantities. Equation 11 is therefore a set of N equa-

tions in the N unknowns H,. From equation 10,

]
H
a, = —1—— (12)
3 M
yoOf,(1)
151 3
and letting
M
sj = 121 fj(i) (13)

where S, is the total counts in the jth standard spectrum (a known quan-
|

tity), equation 12 becomes
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H,
a, = gj . (14)

In looking at this method of analysis notice that the coefficient
matrix which 1s defined by equation 7 is of such a simple nature that each
component of the matrix can be calculated with only a small fraction of
the total spectral data (composite and N standards) immediately available.
This means that spectra with a relatively large number of channels (e.g.,
1024) can be used without running out of core storage in the computer.
Using this method a 1024 channel complex spectrum containing 20 components
can be analyzed using only about 2500 words of spectrum and equation work-
ing storage.

This approach permits the use of a large number of channels in
the qualitative analysis while in effect reducing the number of channels
for quantitative analysis. As will be discussed later, however, consider-
able accuracy is still attained in calculating the values of the aj's.

Starting on the least squares approach (equation 4) 1t can be
shown3 that the coefficient matrix of the set of N equations resulting

is of the form

M £.(DE (1)
h = z [_i_l.(__] (15)
T LT E

Notice that it is necessary to have the composite spectrum and all N
standard spectra in core storage at one time in order to calculate
these coefficients. Thus analysis of a 1024 channel, 20 component
spectrum would require about 22,000 words of working storage which is

far beyond the capacity of the system now in use. For this reason

programs using this method are much more seriously limited as to
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numbers of channels and components although for certain applications
least squares 1s still the best procedure.

The set of equations (equation 11) once set up could be solved
by any of several methods. Since, however, each set is solved only
once for a given coefficient matrix gkj’ it was decided to use matrix
triangularization and back substitution.12

Having solved the set of equations for H,'s there remains only

3
the calculation of the amounts of the corresponding isotopes and hence

elements in the sample of material being analyzed. Details of the

calculation of sample composition may be found in Appendix C.



RESULTS

The program just described has been under development for about
eight months and is at thils point approximately half finished.

The parts of the program dealing with the preliminary process-
ing of spectra are largely finished. As a test of the data smoothing,

a 1024 channel spectrum was given a 5-, 7-, and 9-point smoothing con-
volution using a quadratic-cubic fit. The results were very good, so
good in fact that the statistical peak wvalidity tests will probably
have to be changed somewhat. Figure 2 shows the top of a peak before
and after a 9-point convolution.

As can be seen the shape 1s considerably improved. The quadratic-
cubic fit attempts to make the top of the peak parabolic which is close
to the theoretical peak shape (approximately Gaussian). A fit over
fewer points tends to retain more fluctuations, however as the number
of points increases small but significant peaks tend to be flattened.

The peak detection and location procedure was originally designed
for unsmoothed data. As a test of a 256 channel unsmoothed spectrum was
processed for peak detection and location with the following values of
parameters: p = 3, h = 50, g = 4. The results for several peaks in the
spectrum are shown in Figure 3. As can be seen the center locations
seem to be reasonably accurate. It was found that the peak detection
was quite reliable in that no significant peaks were overlooked and

yet all peaks detected were genuine.

22
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To test the energy calibration procedure, three gamma standard

137, Nazz, and Co60) were read in along with the standard

spectra (Cs
peak energies and approximate peak locations. Table 1 shows a summary
of the output and Figure 4 shows the corresponding graph of energy with
channel number. 1In general the accuracy of the resulting energy-
channel number ratio was much better than could be attained manually.

The qualitative analysis section is the least developed part of
the program at this point. It is still in the early stages; no results
have yet been obtained.

The quantitative part of the analysis has been the object of
most of the work done on this program to date but even so, due to the
complexities of the problem, no formal results have been obtained.
However, on the basis of preliminary tests it has been found that errors

on the order of 1 to 2% may be expected in the values of the a,'s pro-

h|
duced by the method of stripping described previously. Also, it has
been found that the error in the solution of the set of algebraic ‘equa-
tions (equation 11) is several orders of magnitude smaller than 17 and
so need not be considered.

In summary, the preliminary spectrum processing section is
almost complete and produces highly acceptable results. The component
identification section is not yet far enough along to produce any results.
The quantitative analysis (stripping) section is still under development,

but early tests show that the method works and should produce acceptable

results.
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CONCLUSIONS

On the basis of the results achieved up to this time some slight
changes in method and possible new directions of development are indi-
cated.

Even though the preliminary processing portion of the program is
relatively finished there are some small changes planned to further
increase the quality of results. First, the method of spectrum first
derivative generation will be changed from a 3 point linear fit to a 7
or 9 point quadratic fit. This 1is expected to increase the accuracy and
reliability of peak detection and location. It is also anticipated that
this increase in the quality of the derivative will necessitate an addi-
tional peak validity test, probably some requirement on the height to
width ratio.

As was mentioned, the first rough tests of the stripping proce-
dure indicated errors of 1 to 2%. In tests of least squares stripping,3
however, errors as small as 0.01% were obtalined. Therefore to increase
accuracy, the procedure in this program will probably be changed to one
in which the number of equations in the N unknowns will not be decreased
to N, but to some number between M and N depenaing on the core storage
available after the program is read in and stored. The main limitation
on the accuracy of stripping is, therefore, the amount of core storage
available in the computer system.

It should also be noted that the present method of stripping
requires the standard spectra to be read into core storage from magnetic

28
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tape. For example in the process of stripping 20 components from a
composite spectrum, each of the 20 standard spectra must be read from
magnetic tape to core twice. If all stripping information could be
brought into core at once, much less tape reading would be required with
a consequent savings in computer time.

The much larger amount of core storage available on the CDC 6400
system when it becomes operational will pefmit two important changes in
the program which will greatly increase the accuracy and speed of an
analysis. First, all storage on intermediate tape can be dispensed with,
thus considerably decreasing the amount of computer time per analysis
Second, pure least squares can be used in the stripping, thus greatly

increasing accuracy.



APPENDIX A

Flowcharts and Program Listings

Included here is a summary flowchart of the program, as well
as flowcharts and program listings of a few of the more important sub-

routines which are reasonably complete and have produced good results.
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Subroutine to Smooth Spectrum

Quadratic -~ cubic convolution integers (9 points):

C, = C, = 21

1 9
C2 = C8 = 14
C3 = C7 = 39
C4 = C6 = 54
C5 = 59
N =231

Variable listing for program
M = number of channels in program

SPEC(I) = count in Ith channel of spectrum
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SUBRQUTINE TO SMOOTH SPECTRU™ USING QUADRATIC=CURIC
LEAST SQUARES FIT DATA CONVOLUTICON (9 POINTS)
SURRCUTINE SMOTO(MySPFEC)
DIMENSION SPFCLIOI&YAXE(LS)
INITIALI2C
DO 2 J=1.9
AYE(JI)=SPEC(D)
SMOO0TH
NUT5=M~5
DO 4 1=5,NUTS
SFECIIY=A=21 408 (AXE(1VY4AXE(QI )41 4R {AXFID)4AXF(R) )+
1 29 O0F(AXE(3)+AXELT IV 454, 0% (AXF(4)4AXF () )+87,0%AXE(5)
2 V/221.D
DO & J=14+8
AAXE(LI)Y=AXE(J+1)
4 AXF(S)=SFEC{I+5)
RETURN
END

NI



Locate Peaks
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Subroutine to Locate Peaks

Variable listing for program:

M
NUM
AMX
AMN

NRES
HI
NCEN

AX(I)

‘ AY(I)
PEAK(J)
HITE(J)

K:

number of channels in spectrum
number of peaks found

count at top of peak

count at previous minimum

minimum number of consecutive channels of same
sign to indicate sign change in derivative (p)

minimum peak height relative to previous minimum

(h)

radius of area centered on peak used to determine
center of peak (g)
th
count at I channel of spectrum
derivative of spectrum at Ith channel
location of Jth peak detected
relative height of Jth peak detected
search index

K = 1: search for peak

K = 2;: search for valley
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SURROUTING TO LOCATFE ALL IMPORTANT PFAKS M SPECTRUM
SURRQUTINE LOCIMe AX s MUMSPFAKX «HITFE2AY)
DIMENSION AX(I024)3sAY{1056) oPFAKILIOGYeHITELLIOQ)
ESTARL [SH PARAMETERS

H! -..-?0,0

NRES=3

NCEN=M/ 664

OBETAIN DERIVATIVE

CALL OFRIVIMesAXsAY)

NUm=0

K=1

AMN=0 40

MM=MoNCEN

SCAN DERIVATIVE TO LOCATE PrA¥XS

DO 2 I=4 MM

GO TO{109121K

SEARCH FOR MAXIMUM

DO 14 J=19+NRES

NAT=1+J-1

IFIAYINAT)Y ) 149202

CONTINUE

AMX = (AX(T1~1)+AX(])1 /24D
IF{AMX-AMN-IHI) 2,18+18

NUM=NUM4+ 1

CALCULATE PELATIVE HEIGHT DF PFAK
HITE(NUM =2 MX=AMN

CALCULATE CENTER (OF PfFaK

SUMXY=C .0

SiMX=CeD

SUMY=0,0

SUMX2=0,0

N=2%NCEN

D0 20 U=1sN

NUTS=I--NCEN+U~-1
SUMXY=SUMXY+FLOTFINUTS)I¥AY (MUTS)
SUMX=SUMX+FLOTF(NUTS)

SUMY = SUMYSAY LNUTS)
SUMX2=SUIMY 2+FLOTF (NUTS) #%2

PEAX (NUM ) = { SUMXY ¥ SUMX=SUMY#*SUMYX 2 )/ (FLOTF [N) #SMXY=-SUMX

1 *Sumy)

K=2

GO TC 2

SEARCH FOR MINIMUM
DO 22 J=1+NRES
NAT=1+_t=1
IFIAY(MATY) 292922
CONT T NUE

AMN= (AXLT=1Y+AX(TY) /724D
V=1

CONT INUF

RETURN

END
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Subroutine to Calculate Energy Scale

Variable listing for program:

LKAP

NUM

STAN(1,I)
STAN(2,1)
PEAK (K)

HITE(K)

AX(J)

"

energy per channel (k in text)
number of channels in calibration spectra
total number of calibration spectra to be read in

number of standard peaks in calibration spectrum
being processed

total number of standard peaks in all calibration
spectra processed

total number of peaks detected in calibration
spectrum being processed.

location of Ith standard peak
energy (MeV) of Ith standard peak
location calculated for Kth peak detected
relative height of Kth peak detected

count in Jth
processed

channel of calibration gpectrum being
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SUMPOUTINEG T4 DETERMINE FNTRAY STALE

FROM CALIZRATIOCON 5PECTRA

SURROUTING SCALELYK)

DIMENSTION STAR(Z2e30 ) 9PFAK{ IND ) gAX {1728 ) $NOTANIINY
NA”F!iLj

39

FORMAT L 7/ /A5 #¥¥k% DETORMINATION OF CNESAY SO ALD FRNOM
JCAULTARATION SEOCTRA d#xs)

PRINT 51
FORPMAT (14 /120

READ 24y NCAYL

L¥ADP =00

NOY J=1 o NCAL

J TH SPECTRUM READ AND PROCISSED

READ 35 (NAME(NZ) oNZ=19161)

FORMAT(16A5)

FORMAT(// /91X 1E6A5)

PRINT 73 {INAMEINTZ )Y« N7=1416K)

READ £ 4,CAD

CORMAT (Y2

Lo 2 1=14KAP

NUTS=LKAP+]

FORMATIF4 4Ce6XsF846)

READ SeSTANTIsNUTS)Y s STANI2MUTS)
NETANTTID)=XFIXFOSTAM I oNUTSED )

LKAPR=LE AP $KAD

READ IN CALTIHRATICN SCECTRU AMND SCAMN FOR PEAKS
CaLL RDUAX)

CALEL LOO{MeaAX s NUMPENK)
SEAPCH FOR STANDARD DEAKS
NUITC L KAR-KAPL]

DO 8 I=MUTSLKAP

DD 1T K=1 oMM

TFISTANI Yy T~ (RFAK(KY=2,01]))
TFIRTANI YT Y={PFP (K I42,7))
STANI11)=PRAK (K)

G IO 8

COMTINUR

MP=]=(LKAP-KAP)

17912612
1aelhsl”

16 FORATY Z1AH BEA MUMEER G 124.32H OF CALIRRATINN
1TRUM NUMBRER o124.21H CCULD NOT RE LOCATENR/38H LOCATION
ZREAD T USFD FCOR CALIRRATION)

PRINT 1A sYP sl

& CONTINUE

POINT CLTRUT

21 FORMATI /32H CHANNEL NOGe COF PHAKS DEYECTEC#4//0
1(I0FY1 229/

o 2N 2
I

TION SPECTRUM NUMAFE s 129//28&H FNERCY LOCATION L

CRINT 219(PEAKIIZ ) 9dZ=1iluM)

“pEC

FARNMATL 7/ /76 1H STANDARD DFANS AS PROCTSAID FOR CALISELT

PIDNe/s/76H  IMEV) READ™ IN ULHED e /)

POINT 26,

27 TNRMATICA G 90X 14 9F 12 ,79/)

~ T
\.CA:
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DO 29 ¥YK=1sKAP
KQ=LXAP-KAP+KK
29 PRINT 27+s5TAN(29KUY sNSTANIKK ) s STANT]4KG
1 COoMTINUE
CALCULATE ENFRGY SCALE BY LFAST SQUAPES
StME2=0,0
SUMEX=0,0
DC 18 I=1.LKAP
SUME2=SUMEZASTAN( 2 T ®%)
18 SUMEX=SIMEX+STAN(241)#STANT] 1)
Vi =CUMED JSUIME X
41 FORMAT (/77 +15H ENERGY SCALF =,1PE14,7415H MEV PER CHA
INNELs/777)
PPINT 41.Y¥%
FETURN
MDD
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Subroutine to Strip Components

Variable listing for program:

M
N

MIN to MAX

AC

H(J)

T(K)

TOT(J)

AX(1)
AY (1)
G(K,J)

CR(J)

number of channels in composite spectrum
number of components in composite spectrum

range of channels in composite spectrum actually
used for stripping

total number of counts in composite spectrum

th
total number of counts in J component spectrum

(Hj)

th
total number of counts in K interval of component
spectrum

total number of counts in Jth standard isotopic
spectrum (S,)

]
count in Ith channel of composite spectrum (F(1i))
count in Ith channel of standard spectrum

matrix component (gkj)

weighting factor of Jth component (aj)
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SURROQUTINE T0O STRIP N
SPECTRUM AND DETERMINE
SUBROUTINE STRIP(AX N
DIMENSTIOMN AXTII024),AY(
U220 ), TNTL20)
COMMORN AY
CLLTULATE Siz2E OF
MOEL = (MAX=MINY /N
CORRICT
AR =MDE YN+MIN
DETERMINE COUNTS
SPFCTRUM
DO 2 I=1N
TU(I)Y="6eD
De 2 J=1eMBEL
NUTS=MIN+ {1 -1)*¥MDEL+ J

——

INTL

IN T

TCIy=T{TI+AX(NUITS)
OPROCEST J TH STANDARD
FEWIND 3

DC 4 Ud=1eN

READ TAPE 3,AY
CETERMINE COUNTS
SPECTRUM {MIN TO MAX)
TOT(J)=0,0

NUTS=MIN+]

DO 6 1=NUTS»MAX
TOT(I)=TOTOJI+AY (D)
DML T=1 8N
CALCULATE COUNTS
SPECTRUM
PART=0,0

D0 8 K=71+MDIL
NUTS=/IN${T-1)%MDEL 4K
PAPT=PART+AY(MNUTS
CALCULATE {(lsJd) TH
Gl J)=PART/TOT (U}
ORTAIN SQLUTION OF
CALL SYMEC{GoaHeT o)
FEWIND 2

DO 10 J=1wN

CRTIATINM RATIO OF COUNTS
TO COUNTS IN J TH STAN
CRIJI=H{JIZTOT L)
STRIP J TH CUMPONENT O
PEAD TAPFE 12,AY

DY 10 I=14M

iN J

TN

CoOMm

SYS

COMPOMNENTS FRCOM
AMOUNTS PRESENT
My CRGMINGMAX I

10561, TU20)9G(20920)9sCR{20)

COMPOSITE

RVAL

MAX FOR TRUNCATICN

T INTERVAL OF COMPCSITE

)

~

v
m

CTRUM

!

TH STANDARD

TH INTERVAL CF J TH STARDARD

PONENT OF COEFFICIENT MATRIX

TEM CF EQUATICNS

N J TH COMPONENT
DARD SPECTRUM (MIN

{MIN TO
TG MAX)

UT OF COMEQSITF

AX{TIY=AX LT ) =AY (1Y *TR(Y)

RETURH
END

MAX)Y



APPENDIX B

Spectral Library Format

The standard isotopic spectral library consists of a series of
nonformated records on magnetic tape. Each record contains one isotopic
spectrum along with all related information and has a length of 1080
words. Each of these records or entries is characterized by an entry
number which {s the first word in the record. The end of the library
is signified by the number 999.0 stored after the end of the last entry.

The following is a list of the information stored in one library
entry along with relative locations within the tape record

1. Entry number (1)

2. Name of element (2 - 4)

3. Mass number of isotope (5)

4, Number of standard peaks (6)

5. Energles of standard peaks (7-11)

6. Relative heights of standard peaks (12-16)

7. Energy scale (MeV/channel) (17)

8. Decay constant (18)

9. Mass of sample of standard element (19)

10, Fractional abundance of isotope (20)

11. Number of isotopes in library of this element (21)

12. Entry numbers of other isotopes of this element (22 - 31)
13. Irradiation time (32)

43
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14. Time count started (33)

15. Time count stopped (34)

16. Reactor power during irradiation (35)

17. Number of channels in standard spectrum (56)

18. Standard spectrum (57 - 1080)

When the program tests for the presence of an isotope, it reads
only through item 11 in the corresponding library entry. If the test is
positive, the tape is backspaced and the entire entry read off. This is
done to avoid wasting time reading unnecessary spectra from the library

tape.




APPENDIX C

Summary of Calculation of Sample Composition

Let H (t) be the count rate due to the jth component isotope in

3

the sample at time, t, after the end of irradiation. Similarly, define

S (t) to be the count rate due to the jth isotope in the known standard

J

element sample (used to make the jth standard library spectrum) at time,

t, after end of irradiation. Then if tl and t2 are the times the count

is started and stopped after end of irradiation of sample,

t

2
Hj = J Hj(t) dt
&1
ty
= J Hj(O) exp (—Ajt) dt.
Y
Integrating,
H, (0)
Hj = —ﬁk;—— [exp(—xjtl) - exp (-Ajtz)] ,
and solving for ﬁj(O) yields
: MY
Hj(o) = [exp (—Ajtl) -~ exp (-Ajtz)] (1e)

Similarly, for $,(0), if t, and t

ls 25" the count start and stop times

3

after end of irradiation of standard,

45



46
A,S

: _ 171
SJ(O) [exp (-Ajtls) - exp (—kjtZS)] ’ (2¢)

Equations lc and 2c correct the count for decay of the sample between

irradiation and counting and during the count itself.

If the sample is irradiated for a time, T, in a thermal neutron

flux ¢,
W.N o, ¢
0.0) = 421 [1 - exp (-2, )] (3c)
h| Aj ]
where

=
]

3 mass of jth isotope in sample (grams)

2z,
]

A Avagadro's number (number of atoms per gram-atom)

Q
]

3 thermal activation cross section of jth isotope

A, = mass number of jth isotope

Similarly, if the standard sample is irradiated for a time, Ts’ in a

flux ¢ ,
8
W, Nao.,d
5,(0) = 2 L1s 1 e (-3Ty)] (4c)
3

where the subscript, s, indicates the standard element sample.

Dividing equation 3c by equation 4c and solving for wj yields:
v oes MO Ju-ew o1l e
RN ERC 1 -eop (4,0 1 [o, (5¢)

where from equations lc and 2¢,
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Hi(O) i} Ei [exp (-Ajtls) -~ exp (-ijtZS)] 60
éj(o) SJ [exp (—Ajtl) ~ exp (-Ajtz)]
Notice that
H
.S.i = a (7c)
j j

where aj was the number resulting from the gamma spectroanalysis.
Therefore, using equations 5c and 6c along with the results of
the analysis of the composite spectrum, the isotopic composition of the
sample may easily be calculated. Notice also that if the fractional
isotopic abundances in the unknown sample are normal, the procedure

will also yield the elemental composition.
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